Carper MJ, Cade WT, Cam M, Zhang S, Shalev A, Yarasheski KE, Ramanadham S. HIV-protease inhibitors induce expression of suppressor of cytokine signaling-1 in insulin-sensitive tissues and promote insulin resistance and type 2 diabetes mellitus.
NNRTIs) are evidenced by the dramatic decreases in HIV plasma viremia, marked reductions in opportunistic infections, and mortality and morbidity among HIV-positive patients (8, 43) . However, PI-based highly active antiretroviral therapy (HAART) has been associated with insulin resistance, hyperglycemia, overt type 2 diabetes mellitus, peripheral lipoatrophy, visceral adiposity, and hyperlipidemia (10, 49) . These complications, analogous to "the Metabolic Syndrome" (38) , have been attributed to several factors, including genetic background, age, ethnicity, environmental/behavioral factors, anti-HIV medication exposure, host-inflammatory factors, and other medications (21, 38) . However, they are reported to occur in 60 -80% of HIV-positive patients treated with PIs and are associated with a significant risk for cardiovascular disease in these patients (18) .
Several studies implicate PIs as having a prominent role in precipitating metabolic abnormalities in people living with HIV. Oral glucose tolerance and hyperinsulinemic/euglycemic clamp procedures revealed glucose intolerance and insulin resistance in HIV-positive patients treated with a PI-based HAART (7, 14, 25, 30) . These metabolic abnormalities were found to be associated with PI use but less frequently associated with NRTI or NNRTI use (45) , demographic, and virologic factors (36) . Further, insulin resistance can be induced in HIV-seronegative people acutely exposed to indinavir (IDV) or ritonavir/lopinavir (RTV/LPV; Refs. 28, 42) . These and other findings (35, 37, 48) demonstrate a clear link between PI use, insulin resistance, and diabetes.
Although multifactorial (3), one mechanism proposed for PI-induced insulin resistance and diabetes is related to inhibition of GLUT4 activity. Skeletal muscle and adipose tissue are the major sites of insulin-stimulated glucose disposal (11) , which is primarily mediated through GLUT4 transporters (3, 11) . Exposing skeletal muscle (35) , 3T3-L1 adipocytes (33) , or primary adipocytes (32) to PIs, including IDV, has been reported to inhibit GLUT4 transport function but not its translocation or any component of the insulin signaling cascade. A limitation of these studies is that they involved acute exposure to PIs under in vitro conditions, as opposed to chronic or in vivo exposure to PIs.
Other proposed mechanism(s) for the development of PIinduced insulin resistance and diabetes include decreased conversion of proinsulin to insulin (6) ; increases in soluble type 2 TNF-␣ receptors (34) reflecting activation of the TNF system by TNF-␣, a known inducer of insulin resistance (17) ; reductions in the release of adipocyte-derived adiponectin, which enhances insulin-stimulated suppression of hepatic glucose production and increases in peripheral glucose disposal (39) and altered sterol regulatory element-binding protein-1 (SREBP-1) nuclear localization (9) . Further, "lipotoxicity" due to 1) increased subcutaneous fat loss that results in increases in circulating fatty acids, which when taken up by muscle and liver inhibit insulin signaling (20, 22) ; 2) inhibition of adipogenesis leading to suppression of lipogenesis and stimulation of lipolysis (29); 3) dysregulation of CD36, a facilitator of fatty acid uptake (13), or 4) decreases in adipocyte-derived perilipin, a regulator of lipid metabolism, leading to stimulation of lipolysis (40) is also recognized to act in concert with other metabolic perturbations to promote PI-induced insulin resistance and type 2 diabetes.
Collectively, these studies suggest that the manifestation of insulin resistance and diabetes during PI treatment is associated with dysregulation of cellular factors and pathways in addition to alterations in GLUT4. This is also supported by the finding that selective knockout of GLUT4 in adipocytes can cause insulin resistance in muscle and liver (1) and that short-term PI exposure reduces GLUT4 transporter recruitment but longer exposures inhibit preadipocyte differentiation (5) .
In an effort to elucidate potential mechanism(s) by which chronic exposure to PIs induces insulin resistance in vivo, we examined the effects of 7-wk IDV administration to Zucker diabetic fatty (fa/fa) (ZDF) rats. Our studies reveal for the first time that IDV exacerbates diabetes and insulin resistance in these rats and that this is accompanied by induction of the suppressor of cytokine signaling-1 (SOCS-1) signaling cascade in insulin-sensitive tissues. The SOCS family contains eight members (2), of which SOCS-1 and -3 are strong promoters of insulin resistance (44) . Of particular relevance is that the metabolic profile resulting from dysregulation of SOCS-1 is similar to the phenotype of HIV-positive patients on PI therapy.
RESEARCH DESIGN AND METHODS

Materials
IDV and other PIs were supplied by the pharmacy at the AIDS Clinical Trials Unit at Washington University School of Medicine (St. Louis, MO) or the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases (NIAID), and National Institutes of Health (NIH; http://www. aidsreagent.org/). Zucker wild-type lean (ZWT) and ZDF rats were purchased from Charles River Laboratories (Wilmington, MA). Other materials were obtained from the following: rat genome 230 2.0 chips (Affymetrix, Santa Clara, CA); SDS gel supplies (Bio-Rad Laboratories, Hercules, CA); rat insulin ELISA kit (Crystal Chem, Downers Grove, IL); chemiluminescent horseradish peroxidase substrate and immoblolin-P polyvinylidene difluoride membranes (Millipore, Bedford, MA); RNeasy mini kit, RNeasy fibrous tissue mini kit, and RNeasy lipid tissue mini kit (Qiagen, Valencia, CA); primary and secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); triglyceride kit (Pointe Scientific, Lincoln Park, MI); and common reagents (Sigma, St. Louis, MO). 3T3-L1 and L6 cells were purchased from ATCC (Manassas, VA).
Animals
Five-week-old ZWT lean (n ϭ 15) and ZDF (n ϭ 24) rats were housed in standard cages in a 12:12-h light-dark cycle. Rats were weighed daily and fed commercial chow (25% protein, 9.0% fat, and 66% carbohydrate; Ralston-Purina, St. Louis, MO) with free access to water. Food consumption was measured 2-4 days/wk, and rats were pair-fed to equalize food consumption among all groups. ZWT lean rats (n ϭ 5 in each group) were randomly separated into three groups: group 1 was killed at 5 wk; group 2 was administered placebo for 7 wk from 5 to 12 wk of age and killed at 12 wk; and group 3 was administered a combination of ritonavir and lopinavir (RTV ϭ 42.5 mg ⅐ kg ⅐ Ϫ1 ⅐ day Ϫ1 ; LPV ϭ 127.5 mg ⅐ kg ⅐ Ϫ1 ⅐ day Ϫ1 , bid, po) for 3 wk from 9 to 12 wk and killed at 12 wk. RTV/LPV was suspended in vehicle (sterile water) and administered by oral gavage to mimic the route of administration in humans. All animal procedures were approved by the Animal Studies Committee at Washington University School of Medicine (St. Louis, MO).
Placebo and PI Administration to ZWT and ZDF Rats
Five-week-old ZDF rats (n ϭ 8 in each group) were randomly separated into three groups: group 1 was killed at 5 wk (5F), group 2 received vehicle for 7 wk from 5 to 12 wk of age and killed at 12 wk (12F); and group 3 received IDV (170 mg/kg, bid, po) for 7 wk from 5 to 12 wk and killed at 12 wk (12F ϩ IDV). Sixteen 5-wk-old ZWT rats were randomly assigned to two control groups: group 1 (n ϭ 8) was killed at 5 wk (5L) and group 2 (n ϭ 8) was killed at 12 wk (12L). IDV powder was suspended in vehicle (sterile water) and administered by oral gavage to mimic the route of administration in humans. PI dose and route of administration were based on rodent studies (12, 19) and the high metabolic rate of rodents.
Whole Body Composition
Body weight (BW), percent fat mass, and percent lean mass were determined at 5 and 12 wk of age for the ZDF rats using dual energy X-ray absorptiometry analyses (Hologic 2000, rat body composition software v.1.3, Bedford, MA).
Fasting and Oral Glucose Tolerance Test and Blood Chemistries
At weekly intervals starting at 5 wk of age, plasma glucose, insulin (ZDF and ZWT lean), and triglyceride concentrations were determined in blood samples obtained from the tail vein of 16-h overnightfasted ZDF rats. To examine the response to an oral glucose challenge, oral glucose tolerance tests (OGTTs) were performed at baseline (day 0) and after 4 and 7 wk of IDV or vehicle administration for the ZDF rats and after 3 wk of RTV/LPV administration for the ZWT lean rats. After obtaining a fasting blood sample, glucose (2 g/kg BW) was administered by oral gavage and tail vein blood samples (ϳ20 l) were collected at 30, 60, 90, and 120 min. Plasma glucose concentration was determined using an automated glucose analyzer (Yellow Springs Instruments, Yellow Springs, Ohio). Plasma insulin and triglyceride concentrations were determined using kits, according to manufacturer's instructions.
Affymetrix Gene Array Analysis in Insulin-Sensitive Tissues
To gain insight into potential targets of IDV, total RNA was prepared from skeletal muscle, subcutaneous adipose tissue, and liver tissue isolated from 12F and 12F ϩ IDV ZDF rats using RNeasy mini kits (Qiagen, Valencia, CA). The RNA was then subjected to gene array analysis using Affymetrix rat genome 230 2.0 chips. Affymetrix GeneChips were processed according to manufacturer's standard protocol. The data were analyzed using the standard MAS5 algorithm by Affymetrix (http://www.affymetrix.com/support/technical/technotes/ statistical_reference_guide.pdf) followed by ANOVA analysis. Routine array quality checks (such as scale factor, 3Ј/5Ј ratio, and noise level) were performed and all arrays were in the normal range.
Culture of L6 Myoblasts and 3T3-L1 Adipocytes
L6 rat myotubes and 3T3-L1 fibroblasts were grown in a growth medium (GM1) consisting of DMEM supplemented with 10% (v/v) FBS in a humidified atmosphere of 95% O 2-5% CO2 for L6 myotubes and 90% O 2-10% CO2 for 3T3-L1 adipocytes at 37°C.
L6 myobalst differentiation. For differentiation into myotubes, and subsequent experiments, the GM1 was supplemented with 2% FBS (DM1) for 7 days. Both 10% GM1 and 2% DM were supplemented with 4 mM glutamine, 1.5 g/l sodium bicarbonate, 1.5 g/l glucose, 100 U/ml penicillin, and 100 g/ml streptomycin. Growth medium was changed every 72 h until confluence was achieved at which time it was removed and replaced with DM1, which was changed every 48 h. Once myotubes were formed (ϳ6 days), cells were treated with the following PIs alone: RTV, LPV, and atazanavir (ATV) each at 1, 10, and 20 M; or in combination: 5 M RTV ϩ 1, 10, or 20 M LPV or 5 M RTV ϩ 1, 10, or 20 M ATV for 48 h in DM1, with DM1 changed every 12 h. Cells were washed twice in ice-cold PBS and harvested in cell lysis buffer for protein assay and immunoblotting (in mM: 50 HEPES, pH 7.5, 15 NaCl, 1 MgCl 2, 1 CaCl2, and 2 EDTA; added fresh: 10% glycerol and 1% Triton X-100; and 5 l/ml protease inhibitor cocktail and 3 mg/ml benzamadine hydrochloride).
3T3-L1 adipocyte differentiation. As described previously (46), fibroblasts were cultured for 2 days in a differentiation medium consisting of DMEM supplemented with 10% FBS (DM2). The cells were then cultured and maintained in a second growth medium consisting of DMEM supplemented with 10% FBS and 175 nmol/l insulin (GM2). Media (DM2) used for adipocyte differentiation were supplemented with 4 mmol/l glutamine, 1.5 g/l sodium bicarbonate, 1.5 g/l glucose, 100 U/ml penicillin, and 100 g/ml streptomycin. Fully differentiated adipocytes were maintained in DM2 for 48 h. Twenty-four hours before PI treatment, insulin was removed from the media. Cells were then treated for 48 h with 1, 10, or 20 M of IDV. Cells were washed twice with ice-cold PBS and harvested in cell lysis buffer (described above) for protein assay and immunoblotting.
Western Blot Analysis
Skeletal muscle, subcutaneous adipose tissue, and liver tissues were isolated from ZWT and ZDF rats and prepared for immunoblot analyses in homogenation buffer (in mM: 50 HEPES, EDTA, 10 NaF, 150 NaPO 4, 1 DTT, 10 l/ml protease inhibitor, 10 l/ml phosphatase inhibitor I, and 10 l/ml phosphatase inhibitor II; pH 7.4). The homogenates were separated by SDS-PAGE (15% gels), and resolved proteins were transferred onto electroblots. The blots were then prepared for probing with primary antibodies directed against rat SOCS-1 (1:200), TNF-␣ (1:200) SREBP-1 (1:200), IRS-2 (1:400), and GAPDH (1:500). After subsequent exposure to secondary antibodies (1:5,000), immunoreactive protein bands were visualized via chemiluminescent horseradish peroxidase substrate (Millipore, Bedford, MA). To verify that protein content was similar in each lane, GAPDH was used as loading control.
Statistical Analysis
Data are expressed as mean Ϯ SE. Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, v.14.0, Chicago, IL). A two-way repeated measures ANOVA was used to identify interactions or main effects for the dependent variables. The level of significance was set at P Յ 0.05.
RESULTS
Effects of IDV on Whole Body Composition and Food Consumption in ZWT and ZDF Rats
BW, percent lean mass, and percent fat mass were assessed by dual-energy X-ray absorptiometry in the ZWT rats at 5 wk (5L) and 12 wk (12L) of age and in the ZDF rats at 5 wk (5F), 12 wk ϩ placebo (12F), and 12 wk ϩ IDV (12F ϩ IDV). BW in the 5F group was greater than in the 5L group (Fig. 1A) . At 12 wk of age, BWs in the 12L, 12F, and 12F ϩ IDV groups were similar. The percent lean mass (Fig. 1B) was significantly lower, and percent fat mass (Fig. 1C) was significantly higher in the 12F and 12F ϩ IDV groups relative to Fig. 1 . Whole body composition in Zucker wild-type lean (ZWT) and Zucker diabetic fatty (fa/fa) (ZDF) rats. Body weight (A), %lean (B), and %fat (C) mass were assessed by dual-energy X-ray absorptiometry scanning in ZWT rats at 5 (5L) and 12 (12L) wk of age, in ZDF rats at 5 wk (5F) of age, and in ZDF rats at 12 wk of age after administration of either placebo (12F) or indinavir (IDV; 12F ϩ IDV) for 7 wk. Results are mean Ϯ SE (n ϭ 8 in each group). *P Յ 0.05, 5F group significantly different from 5L group. #P Յ 0.05, 12F and 12F ϩ IDV groups significantly different from other groups.
the ZWT animals, reflecting the expected increase in adiposity in the ZDF rats. At 12 wk, percent lean and percent fat mass were not different between placebo and IDVadministered ZDF rats.
BWs in the ZWT ϩ RTV/LPV rats were not significantly different at 5 wk (149.6 Ϯ 5.6 and 148.9 Ϯ 5.3 g) or 12 wk (250.0 Ϯ 6.0 and 252.3 Ϯ 3.5 g) of age. There were also no significant differences in food consumption between ZWT Ϯ RTV/LPV groups at 5 wk (41.
Effects of IDV on Plasma Glucose and Triglyceride Levels in ZDF Rats
Fasting glucose levels increased in both the placebo and IDV groups between 5 and 12 wk of age; however, the increase was significantly greater in the IDV group ( Fig. 2A) . Fasting serum triglyceride levels also increased between 5 and 12 wk of age (Fig. 2B) but to a lesser extent in the IDV group. For comparison, nonfasted plasma glucose and triglyceride levels were unchanged in the ZWT rats (BG: 158 Ϯ 8 and 161 Ϯ 5 mg/dl; TG: 131 Ϯ 6 and 135 Ϯ 4 mg/dl, at 5 and 12 wk of age, respectively). Fasting plasma glucose levels in ZWT lean rats exposed to placebo or RTV/LPV did not change in either group from baseline to 3 wk of PI exposure (83.1 Ϯ 2.5 and 75.2 Ϯ 3.7 and 74.6 Ϯ 5.2 and 75.3 Ϯ 2.5 mg/dl, placebo and RTV/LPV, respectively).
IDV Exacerbates Hyperglycemia in ZDF Rats
To determine the temporal effects of IDV on plasma glucose and insulin levels, blood was collected from overnight-fasted placebo-and IDV-administered rats at weekly intervals during the 7-wk study period. Fasting glucose levels in the placebo and IDV groups were similar during the initial 4 wk of exposure (Fig. 3A) . However, during the final 3 wk, fasting glucose levels were significantly higher in the IDV group than in the placebo group. Fasting insulin levels in the placebo and IDV groups were unchanged and similar during the initial 2 wk of exposure and increased in parallel during the next wk. During the final 5 wk, insulin levels in the IDV group declined and were significantly lower than the persistently elevated levels observed in the placebo group (Fig. 3B) . PIs, including IDV, have been reported to impair glucose-stimulated insulin secretion (27, 35) . Nevertheless, insulin levels in the IDV group were higher than in age-matched ZWT rats (data not shown).
Chronic IDV Administration Impairs Glucose Tolerance in ZDF Rats
To determine if glucose tolerance was affected by IDV, OGTTs were performed in ZDF rats at baseline and after 4 and 7 wk of placebo or IDV administration. At baseline, oral glucose tolerance [glucose area under the curve (AUC)] was similar in IDV and placebo groups (Fig. 4A) . At 4 wk, oral glucose tolerance worsened in both groups compared with baseline, but glucose AUC was not different between placebo and IDV groups (Fig. 4B) . By 7 wk, oral glucose tolerance worsened further in both groups (Fig. 4C ), but glucose AUC was significantly greater in the IDV group than placebo group (P Ͻ 0.0005).
IDV Induces SOCS-1 Gene Expression
To identify potential cellular targets of PIs that might explain perturbed glucose tolerance in the IDV group, total RNA was prepared from adipose tissue isolated from 12F and 12F ϩ IDV treated rats and used in gene array analyses using Affymetrix rat genome 230 2.0 chips. As we were interested in the effects of the PI, lean counterparts were not included in these initial analyses. These analyses revealed a three-to fourfold increase in SOCS-1 gene expression in adipose tissue from IDV-exposed rats, relative to the placebo group. SOCS-3 gene expression was not different between IDV and placebo groups, despite reports (15) that SOCS-3 can also disrupt insulin signaling. It is well known that TNF-␣ can induce SOCS-1 (44) and that SOCS-1 can induce expression of the nuclear transcription factor SREBP-1 (43) . To examine if the higher SOCS-1 gene expression in the IDV group was associated with higher SOCS-1 or TNF-␣ or SREBP-1 protein expression, we performed immunoblotting analyses in skeletal muscle, adipose, and liver tissue homogenates from ZDF rats.
IDV Induces SOCS-1, TNF-␣, and SREBP-1 Protein Levels in Adipose Tissue and Skeletal Muscle of ZDF Rats
Adipose tissue SOCS-1 (Fig. 5A) , TNF-␣ (Fig. 5B) , and SREBP-1 (Fig. 5C ) protein levels increased between 5 and 12 wk of age, and IDV exposure further increased the expression levels for these three proteins. In the skeletal muscle, SOCS-1 Fig. 2 . Effects of IDV on plasma glucose and triglyceride levels in ZDF rats. Blood was collected from ZDF rats before administration of placebo or IDV and at the end of the study period for glucose (A) and triglycerides (B) measurements. Results are mean Ϯ SE (n ϭ 8 in each group). *P Յ 0.05, 12-wk groups significantly different from 5-wk groups. #P Յ 0.01 (A) and P Յ 0.05 (B), 12-wk placebo group significantly different from 12-wk IDV groups. (Fig. 6A) protein expression was not altered between 5 and 12 wk, but TNF-␣ (Fig. 6B ) and SREBP-1 (Fig. 6C) protein expression decreased between 5 and 12 wk of age. IDV administration resulted in significantly greater SOCS-1, TNF-␣, and SREBP-1 protein expression levels, compared with the placebo group. In both skeletal muscle and adipose tissue, the TNF-␣-immunoreactive band migrated with an apparent molecular mass of 26 kDa, which corresponds to the transmembrane form of TNF-␣. The ZWT 5L and 12L groups had similar SOCS-1, TNF-␣, and SREBP-1 protein expression levels in adipose tissue and skeletal muscle (data not shown).
IDV Increases SOCS-1 and SREBP-1 Protein in Liver of ZDF Rats
In the liver there was no change in SOCS-1 (Fig. 7A) , an increase in TNF-␣ (Fig. 7B) , and a decrease in SREBP-1 (Fig.  7C ) between 5 and 12 wk of age. The IDV group had significantly higher SOCS-1 and SREBP-1 expression than the placebo group, but IDV exposure did not further increase liver TNF-␣ expression. Curiously, the TNF-␣-immunoreactive band migrated with an apparent molecular mass of 17kDa, which corresponds to the soluble form of TNF-␣. The ZWT 5L and 12L groups had similar SOCS-1, TNF-␣, and SREBP-1 protein expression levels in the liver (data not shown).
IDV Decreases IRS-2 in Adipose Tissue and Skeletal Muscle of ZDF Rats
A potential mechanism by which SOCS-1 is thought to induce insulin resistance is by promoting degradation of IRS-1. Consistent with this possibility, a twofold decrease in IRS-2 was evident in adipose tissue and skeletal muscle from IDVadministered ZDF rats, relative to ZDF rats at 5 wk of age and vehicle-administered ZDF rats at 12 wk of age (Fig. 8) .
Protease Inhibitors Induce SOCS-1 Signaling Cascade in 3T3-L1 Adipocytes and L6 Myotubes
To examine whether PIs induce SOCS-1 in the absence of background hyperglycemia/hyperlipidemia (i.e., ZDF rats), 3T3-L1 adipocytes and L6 myotubes were cultured under basal conditions and exposed to IDV and other HIV-PIs, currently in clinical use. 3T3-L1 adipocytes exposed to IDV had greater SOCS-1 protein expression levels than control 3T3-L1 adipocytes (Fig. 9A) . Likewise, L6 myotubes exposed to other PIs Fig. 3 . IDV exacerbates hyperglycemia in ZDF rats. Blood was collected at weekly intervals from ZDF rats before and during administration of placebo and for glucose (A) and insulin (B) measurements. Results are mean Ϯ SE (n ϭ 8 in each group). *P Յ 0.05, IDV groups significantly different from placebo group. Fig. 4 . IDV impairs glucose tolerance in ZDF rats. Oral glucose tolerance tests were performed in overnight-fasted ZDF rats before and after 4 and 7 wk administration of placebo or IDV; day 0 (A), 4 wk (B), and 7 wk (C). Results are mean Ϯ SE (n ϭ 4 in each group). *P Յ 0.05, IDV groups significantly different from placebo group.
(RTV, LPV, and ATV) alone or in clinically relevant combinations (RTV/ATV and RTV/LPV) had greater SOCS-1 protein expression levels than control myotubes (Fig. 9B) . Also, TNF-␣ and SREBP-1 protein expression levels were increased -1) , TNF-␣, and sterol regulatory element-binding protein-1 (SREBP-1) expression in adipose tissue of placebo-and IDV-administered ZDF fa/fa rats. Adipose tissue homogenates were prepared from ZDF rats after placebo or IDV administration for 7 wk and processed for immunoblotting analyses of SOCS-1 (A), TNF-␣ (B), and SREBP-1 (C). A-C: quantified data; each bar is mean Ϯ SE (n ϭ 4 in each group) of the respective protein. Insets: representative immunoblots for each protein and corresponding GAPDH control. *P Յ 0.05, significantly different from 5F group. #P Յ 0.05, significantly different from 12F group. Fig. 6 . SOCS-1, TNF-␣, and SREBP-1 expression in skeletal muscle of placebo-and IDV-administered ZDF fa/fa rats. Skeletal muscle homogenates were prepared from ZDF rats after placebo or IDV administration for 7 wk and processed for immunoblotting analyses of SOCS-1 (A), TNF-␣ (B), and SREBP-1 (C). A-C: quantified data; each bar is mean Ϯ SE (n ϭ 4 in each group) of the respective protein. Insets: representative immunoblots for each protein and corresponding GAPDH control. *P Յ 0.05, significantly different from 5F group. #P Յ 0.05, significantly different from 12F group. in L6 myotubes exposed to physiologic doses of PIs (Fig. 9C) . To examine the effects of the vehicle (DMSO) used to dissolve the PIs, control cells treated with varying DMSO concentrations were processed for immunoblotting analyses. As previously demonstrated (18) , no differences between SOCS-1 expression in cells treated without or with DMSO (up to 0.4%) were evident (data not produced).
RTV/LPV Increases SOCS-1 Protein in Adipose Tissue and Skeletal Muscle of ZWT Lean Rats
To examine if PIs induce SOCS-1 protein in vivo in the absence of hyperglycemia/hyperlipidemia, ZWT rats were treated with RTV/LPV (see RESEARCH DESIGN AND METHODS for dosage) for 3 wk. Relative to vehicle-administered rats, adipose tissue from ZWT rats exposed to RTV/LPV demonstrated a threefold increase in SOCS-1 with no change in TNF-␣ or SREBP-1 (Fig. 10A) , whereas skeletal muscle demonstrated a 2-fold increase in SOCS-1 and TNF-␣ with no change in SREBP-1 (Fig. 10B) . However, SOCS-1, TNF-␣, or SREBP-1 was not changed in liver of RTV/LPV-administered ZWT rats (Fig. 10C) .
DISCUSSION
Efforts to elucidate the mechanism(s) by which PIs induce insulin resistance and diabetes have focused mainly on the acute effects of PIs under in vitro conditions (18, 27, 32) , leaving a large gap in understanding the evolution of in vivo complications due to long-term exposure to PIs. To address this issue, we examined the effects of a 7-wk IDV administration period in male ZDF rats. The ZDF rat is a genetic model of type 2 diabetes in which males homozygous for nonfunctional leptin receptors (fa/fa) develop obesity, hyperlipidemia, and hyperglycemia.
Our findings indicate that ZDF rats exposed to IDV exhibit accelerated diabetes, exacerbation of hyperglycemia, and further deterioration of oral glucose tolerance when compared with age-matched and pair-fed counterparts that received vehicle only. Initial oligonucleotide gene array analyses of insulin-sensitive tissues revealed a significant upregulation of SOCS-1, a potent inducer of metabolic dysregulation (31) . However, expression of SOCS-3, which can also cause metabolic disturbances, was unaffected by IDV exposure. In support of the gene array findings, SOCS-1 protein expression was upregulated in adipose, skeletal muscle, and liver tissues of IDV-administered rats, relative to age-matched, pair-fed placebo-administered animals. Further tissue analyses revealed that the induction of SOCS-1 by IDV was accompanied by upregulation of TNF-␣ and SREBP-1. The cytokine TNF-␣ is a known regulator of SOCS proteins (16) , and the nuclear transcription factor SREBP-1 has been reported to be induced by SOCS-1 (9) . As these changes occurred in the presence of a diabetic/hyperlipidemia background (i.e., in ZDF rats), we examined whether IDV and other PIs that are currently in clinical use induce SOCS-1 in L6 myotubes and 3T3-L1 adipocytes under control culturing conditions as well as in control ZWT lean rats. Exposure of the cells to IDV, RTV, LPV, and ATV alone or in combination (RTV/ATV and RTV/LPV) resulted in induction of SOCS-1, TNF-␣, and SREBP-1. Furthermore, administration of RTV/LPV to control ZWT lean rats that, unlike their ZDF counterparts, are not genetically predisposed to developing hyperlipidemia or diabetes, induced SOCS-1 in adipose tissue and skeletal muscle and TNF-␣ in skeletal muscle. SOCS-1, TNF-␣, and SREBP-1 protein expression did not change in liver tissue of ZWT ϩ RTV/LPV rats, suggesting that a longer PI regimen may be necessary to induce changes in these liver proteins. These findings suggest that physiological concentrations of HIV-PIs induce upregulation of select proteins involved in the SOCS-1 signaling cascade, that this induction is independent of preexisting diabetic/hyperlipidemia states, and that it is promoted by several HIV-PIs that are currently part of the regimens used to treat HIV-positive patients.
It has been shown that SOCS-1, through binding to the kinase domain of insulin receptor that recognizes IRS2, preferentially inhibits IRS2. Our findings are consistent with this because IRS-2 protein expression was reduced in adipose tissue and skeletal muscle of ZDF rats treated with IDV. Indeed, adenoviral overexpression of SOCS-1 in L6 myotubes and 3T3-L1 adipocytes decreases phosphorylation of IRS proteins (44) . Further evidence that SOCS-1 impacts insulin sensitivity is provided by the findings that adenoviral overexpression of SOCS-1 protein in the liver of C57BL/6 mice reduces phosphatidylinositol 3-kinase expression and IRS-2 expression and phosphorylation after insulin stimulation (44) and impairs glucose tolerance (41) . In addition to its effects on IRS-2 phosphorylation, SOCS-1 is thought to promote ubiquitin-mediated degradation of IRS-1 and IRS2 (41) . Induction of these actions by SOCS-1 would be reflected by decreases in insulin signaling, the consequences of which include higher circulating glucose and fatty acid levels. These are critical contributors to the vicious cycle that is characteristic of events leading to the Metabolic Syndrome.
The cytokine TNF-␣, secreted by both adipocytes and macrophages, is a potent inducer of insulin resistance (24) and can induce SOCS-1 (16) . In the present study, only the transmembrane TNF-␣ (mTNF-␣; 26 kDa) form was present in ZDF rat adipose tissue and skeletal muscle, and its expression was upregulated in these tissues by IDV. However, the liver expressed only the soluble TNF-␣ (sTNF-␣; 17kDa) protein and this was unaffected by IDV. Differential expression of TNF-␣ between tissues has been reported to occur in association with obesity and diabetes (23) . Other studies have shown that TNF-␣ increases with obesity and diabetes in skeletal muscle and adipose tissue but not in the liver (26) . However, in these studies no distinction between sTNF-␣ and mTNF-␣ was made. The increase in mTNF-␣ in skeletal muscle and adipose tissue without an increase in sTNF-␣ in liver may be due to tissue-specific differences between insulin receptor characteristics (47) .
Lipotoxicity due to increased subcutaneous fat loss results in increases in circulating fatty acids (22) , which when taken up by skeletal muscle inhibit insulin-signaling (20) . Increased fatty acid synthesis can also contribute to elevations in circulating fatty acids, and SOCS-1 is thought to increase fatty acid synthesis by up-regulating SREBP-1 (5), through suppression of STAT3 phosphorylation (43) . In support of this, our findings demonstrate that IDV upregulated SREBP-1 protein levels in ZDF rat muscle, adipose tissue, and liver. Induction of fatty acid synthesis enzymes (i.e., fatty acid synthase and acyl-CoA carboxylase) by SREBP-1 (5, 43) may represent a potential mechanism by which a lipotoxic state is manifested by the HIV-PIs.
The underlying mechanism(s) by which PIs induce insulin resistance and diabetes are unclear, but growing evidence Fig. 10 . SOCS-1, TNF-␣, and SREBP-1 expression in adipose tissue, skeletal muscle, and liver tissue of placebo and RTV/LPV-administered control ZWT lean rats. Adipose tissue (A), skeletal muscle (B), and liver (C) homogenates were prepared from ZWT lean rats after placebo or RTV/LPV administration and processed for immunoblotting analyses. A-C: ZWT lean rats administered placebo (n ϭ 3) and RTV/LPV (n ϭ 5). Corresponding GAPDH control bands in each tissue are shown below. Fig. 8 . IRS-2 expression in adipose tissue and skeletal muscle of placebo-and IDV-adminstered ZDF rats. Adipose tissue and skeletal muscle homogenates were prepared from ZDF rats after placebo or IDV administration for 7 wk and processed for immunoblotting analyses of IRS-2. Shown are 5F (n ϭ 5), 12F (n ϭ 5), and 12F ϩ I (n ϭ 5) placebo-and IDV-administered ZDF rats. Corresponding GAPDH control bands in each tissue are shown below. Fig. 9 . SOCS-1, TNF-␣, and SREBP-1 expression in L6 myotubes and 3T3-L1 adipocytes exposed to HIV-protease inhibitors. A: 3T3-L1 adipocytes were exposed to IDV for 1, 15, and 24 h at 37°C and 10% CO2-90% O2. B: L6 myotubes were exposed to 1, 10, and 20 mol/l RTV/ATV, RTV/LPV, RTV, LPV, and ATV at 37°C, 5% CO2-95% O2 for 3 h. C: L6 myotubes were exposed to protease inhibitors alone (RTV, ATV, and LPV; 20 M) or incombination (RTV/ATV, RTV/LPV; 20 M ATV and LPV; 5 M RTV). IDV, indinavir; RTV, ritonavir; LPV, lopinavir; ATV, atazanavir. Each lane represents the combination of 3 wells from a 12-well culture plate. Corresponding GAPDH control bands are shown below.
suggests that acute and chronic metabolic actions of PIs may involve different pathways. Disruption of SOCS-1 occurs in models of obesity during the development of the Metabolic Syndrome, and this mimics metabolic changes that occur in HIV-positive patients receiving PIs. Our studies indicate that chronic HIV-PI exposure induces SOCS-1 expression in muscle, liver, and adipose tissue. The additional findings of increases in the upstream regulator TNF-␣ and of downstream target SREBP-1 strongly support a role of SOCS-1 signaling cascade in HIV-PI-induced insulin resistance and hyperglycemia.
